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A comparison of the water vapor oxidation characteristics of AlAs, Al0.98Ga0.02As, and an
AlxGa12xAs digital alloy was performed. The AlxGa12xAs digital alloy consists of periods of 49
monolayers of AlAs and 1 monolayer of GaAs and has an equivalent composition of x50.98.
Oxidation rates and the structural integrity of the three layers were compared. When oxidized in
water vapor, the AlxGa12xAs digital alloy and the AlAs have similar oxidation rates, both of which
are twice as fast as the Al0.98Ga0.02As layer. Post-oxidation annealing of these samples at 450 °C
showed severe delamination at the oxide/GaAs interface in the AlAs sample while the AlxGa12xAs
digital alloy sample was not damaged. © 2000 American Institute of Physics.
@S0003-6951~00!03518-X#Recently, interest in the native oxides of AlxGa12xAs
alloys1 has increased due to their use in current apertures and
low index layers in distributed Bragg reflectors in vertical-
cavity surface emitting lasers.2,3 Other uses have been dem-
onstrated for these oxides including the insulating layer in
metal–oxide–semiconductor field-effect transistors, current-
guiding layers in heterojunction bipolar transistors, and insu-
lating buffer layers for metal–semiconductor field-effect
transistors.4–6 Many studies have been performed to charac-
terize these oxides and it was found that pure AlAs caused
problems with device processing and reliability.7 The addi-
tion of a small amount of Ga, even 2% atomic composition,
was shown to solve the problems associated with pure AlAs.
The growth of high-percentage aluminum alloys is achiev-
able, but the small Ga flux required to grow such structures
may present reproducibility problems using molecular-beam
epitaxy ~MBE!. Oxidation rates vary with Al mole fraction,
which lead to undesired production variabilities. In this let-
ter, we demonstrate the use of a digital AlxGa12xAs alloy by
inserting a monolayer of GaAs after a fixed number of
monolayers of AlAs. This oxide, when subjected to typical
post-growth procedures, showed superior characteristics
when compared to an oxide formed from pure AlAs.
Three structures were grown in an MBE system
equipped with a valved As cracker. The structures were
grown on ~100! undoped GaAs wafers. First, a 2000 Å GaAs
buffer layer was deposited at 580 °C followed by a 1000 Å
AlxGa12xAs layer. The structure was then capped with a 500
Å layer of GaAs. The three samples varied in their
AlxGa12xAs layers. The samples contained either pure AlAs,
Al0.98Ga0.02As or a digital alloy consisting of 49 monolayers
AlAs and 1 monolayer GaAs structure repeated seven times.
The samples were removed from the growth chamber
and patterned using standard photolithography forming 12
mm square openings spaced 250 mm apart. The top GaAs
layer as well as the AlxGa12xAs layer were etched through
using SiCl4 in a reactive-ion-etching system. An open tube
a!Electronic mail: k-cheng@uiuc.edu2540003-6951/2000/76(18)/2544/3/$17.00
Downloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to AIPfurnace was used to laterally oxidize the samples. Water va-
por was supplied to the samples using nitrogen bubbled
through a water reservoir kept at 85 °C. The samples were
oxidized at two different temperatures, 425 and 450 °C, for
15, 30, 45, and 60 min to ascertain the oxidation rates. These
are typical wet-oxidation temperatures used for oxidizing
AlxGa12xAs. Optical microscopy was used to measure the
oxidation rates. Further processing was performed in an al-
loying station under hydrogen ambient to simulate post-
growth fabrication. The samples were taken to 450 °C for 3.5
min to mimic typical ohmic-contact alloying.
The oxidation rates of the samples varied at different
temperatures. As can be seen in Fig. 1~a!, at 425 °C, the
Al0.98Ga0.02As alloy showed the slowest oxidation rate at 0.2
mm/min. The digital alloy and the pure AlAs had faster oxi-
dation rates at about 0.5 mm/min. Although the measured
oxidation rates of the pure AlAs and the digital alloy were
similar, the absolute oxidation distances differ between the
two samples. The pure AlAs oxidized about three times as
far in the first 15 min of oxidation, but their rates, measured
by the slope of the oxidation distance versus time curve,
were approximately the same. This anomalous behavior war-
rants further study. The oxidation characteristics at the
higher temperature are shown in Fig. 1~b!. The
Al0.98Ga0.02As again had the slowest oxidation rate at 0.5
mm/min. The pure AlAs and the digital alloy had both simi-
lar oxidation rates at about 0.9 mm/min as well as similar
oxidation distances. Obviously, the oxidation rates vary with
different geometries, but the important issue is the relative
oxidation rates of the samples. Comparison to other studies
shows a similar trend in the oxidation rates at the two
temperatures.8 At slightly higher temperatures, the digital al-
loy performs similarly to the pure AlAs.
The results of the alloying experiments were much more
dramatic. Figure 2 contains Nomarski photographs of the
three samples after the heat treatment. The pure AlAs alloy,
seen in Fig. 2~a!, has major structural damage caused by
delamination of the top GaAs layer from the underlying ox-
ide. The digital alloy, seen in Fig. 2~b!, showed good struc-4 © 2000 American Institute of Physics
 license or copyright; see http://apl.aip.org/about/rights_and_permissions
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tween the oxidized and unoxidized Al-bearing layers. Figure
2~c!, of the Al0.98Ga0.02As sample, showed no signs of dam-
age as expected. Delamination may be caused by several
factors. Vaporization of the stabilizing matrix formed by
amorphous arsenic oxide may play a role.9 Several studies
have been done on these oxides to explain the role of the
small amount of Ga in stabilizing the material. It was shown
that there is a large amount of strain seen at the oxide/GaAs
interface when using pure AlAs. This has been attributed to
the volume shrinkage of the AlAs as it is transformed to an
oxide.10,11 This strain can cause delamination which results
in device processing and reliability problems such as short
lifetimes. By adding a small amount of Ga ~;2% mole frac-
tion! to the layer, the volume shrinkage is decreased, thereby
lessening the strain at the interface. The oxidized AlGaAs
digital alloy is just as stable as the Al0.98Ga0.02As oxide, yet
it does not suffer from the slow oxidation rate and the cali-
bration problems mentioned.
On the other hand, the interface characteristics of the
digital AlGaAs alloy oxidized at a high temperature over an
extended period needs further investigation. In lateral oxida-
FIG. 1. Lateral oxidation distance vs time for AlAs, Al0.98Ga0.02As, and
AlAs/GaAs digital alloy sandwiched between GaAs layers at ~a! 425 °C and
~b! 450 °C. Notice that the oxidation rates of the pure AlAs and the digital
alloy are the same and are twice the rate of the Al0.98Ga0.02As alloy.
FIG. 2. Nomarski photographs of the laterally oxidized ~a! pure AlAs, ~b!
digital Al0.98Ga0.02As, and ~c! Al0.98Ga0.02As samples after being heated at
450 °C for 3.5 min. The GaAs cap in the pure AlAs sample has delaminated
from the underlying oxide.Downloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to AIPtion of AlxGa12xAs, sandwiched between GaAs layers, some
oxidation of the adjacent GaAs layers occurs due to reaction
in the growth direction. For GaAs/AlAs/GaAs structures, the
oxidized GaAs layers form weak Ga oxide which leads to
structural failure. Because the oxidation rate of GaAs is
much slower than AlxGa12xAs,12 the insertion of monolayer
thick GaAs layers are thought to slow the vertical oxidation
rate within the AlAs/GaAs digital alloy structure. To
verify this, we performed an oxidation of the
GaAs/AlxG12xAs/GaAs structures described above, at
450 °C, using the same parameters as above but for a much
longer time of 120 min. After oxidation, samples were ana-
lyzed using cross-sectional transmission electron micros-
copy. For the pure AlAs samples, the top AlAs/GaAs inter-
face delaminated during sample preparation as seen in Fig.
3~a!. This further verified the poor mechanical strength of the
oxidized AlAs/GaAs interface. Since the structures are sym-
metric before oxidation in the growth direction, an analysis
of the bottom interface was used to evaluate the oxidized
material. The oxidation into the GaAs substrate continued for
almost 1000 Å in the pure AlAs sample, but was much less,
around 200Å, in the digital AlGaAs sample shown in Fig.
3~b!. By slowing the oxidation rate in the growth direction,
using the AlAs/GaAs digital layers, the oxidation of the top
GaAs layer is also reduced thereby decreasing the thickness
of the Ga-oxide layer at the oxide/semiconductor interface.
The native oxide of GaAs formed under water vapor oxida-
tion is much weaker than that of AlxGa12xAs.13 This weak
layer, coupled with the volume shrinkage of the aluminum
oxide contribute to weaken the interface and eventually
cause structural failure.
In summary, the use of pure AlAs layers for structures
involving lateral oxidation and high-temperature processing
is problematic. Post-oxidation processing at high tempera-
FIG. 3. Cross-sectional transmission electron microscopy micrographs of
the ~a! pure AlAs and ~b! digital Al0.98Ga0.02As samples after being oxidized
at 450 °C for 120 min. The oxidation of the GaAs progressed into the sub-
strate for 1000 Å in the pure AlAs sample while only oxidizing 200 Å of the
substrate in the digital Al0.98Ga0.02As sample as indicated by the arrows. The
AlAs sample delaminated during preparation for analysis ~ion milling! caus-
ing a reduction in the thickness of the alumina layer in part ~a!. license or copyright; see http://apl.aip.org/about/rights_and_permissions
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failure. High Al content AlxGa12xAs alloys can solve these
problems, but run-to-run variations in the low Ga mole frac-
tions could cause undesired processing variabilities. Both of
these problems can be remedied with the use of a simple
AlAs/GaAs digital alloy with an equivalent composition of
Al0.98Ga0.02As. At normal oxidation temperatures, the oxida-
tion rate of the digital alloy behaves the same as the pure
AlAs layer and has superior structural characteristics during
postprocessing. This will have obvious advantages in device
throughput and thermal management issues.
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